Stress responses depend on the correct regulation of gene expression. The discovery that abiotic as well as biotic stresses can regulate miRNA levels, coupled with the identification and functional analyses of stress-associated genes as miRNA targets, provided clues about the vital role that several miRNAs may play in modulating plant resistance to stresses. Nitrogen availability seriously affects crops productivity and environment and the understanding of the miRNA-guided stress regulatory networks should provide new tools for the genetic improvement of nitrogen use efficiency of crops. A recent study revealed the potential role of a number of nitrateresponsive miRNAs in the maize adaptation to nitrate fluctuations. In particular, results obtained suggested that a nitrate depletion might regulate the expression of genes involved in the starvation adaptive response, by affecting the spatiotemporal expression patterns of specific miRNAs.
Nitrogen (N) is the main mineral element in plant tissues, and its availability to plant roots is often an important limitation for plant growth. It represents about 2-4% of total plant dry matter, but in some environmental conditions, it can oscillate between 0.03% and 7%. 1 The limited bio-availability of N and the dependence of crop growth on this mineral have spawned a massive N-based fertilizer industry worldwide, with annual N-fertilizer consumption currently close to 80 ¾ 10 12 g N (International Fertiliser Industry Association, www.fertilizer.org/ifa/statistics.asp). 2 The excessive application of N fertilizers has enormous environmental and economic costs 3, 4 and led to the selection of genotypes highly productive if grown with high nitrogen supply, but characterized by a low efficiency of uptake and use of this nutrient. 5 For these reasons the knowledge of the physiological and molecular machinery underlying the plant's response to low nitrogen inputs has become fundamental to identify and choose crop cultivars able to uptake and metabolize nitrogen more efficiently, being consequently more adaptable to low nutritional input conditions. In order to survive in a range of different nutritional soil conditions, plants have evolved different strategies for nitrogen acquisition, but, in general, in a typical agricultural soil, nitrate represents the main nitrogen absorbed form and its uptake is mediated by an active transport process through the root cells. 6, 7 The plant overall response to nitrate involves a number of molecular events leading to the fine tuning of the inducible nitrate uptake systems, 8, 9 but affecting also several developmental aspects, as for example the lateral roots development and growth. [10] [11] [12] Indeed, besides its role as a nutrient, nitrate acts importantly as a signaling molecule regulating the expression of genes involved in growth and developmental processes through transcriptional and post-translational modifications. [13] [14] [15] However, the molecular regulation of nitrate sensing and signaling pathways are still only partially unravelled. The recent discovery of microRNAs (miRNA) and small interfering RNAs (siRNAs) revealed another ubiquitous mode of post-transcriptional regulation.
miRNAs and Nutritional Stress
Mature miRNAs are small RNAs~22 nucleotides long, deriving from genome coded RNA precursors (pri-miRNA) cleaved twice by the RNase III enzyme DICER-Like 1.
16 miRNAs control gene expression at the post-transcriptional level in a sequence specific manner, 17 and they play essential roles in the regulation of gene expression during plant development, and by ensuring normal growth in response to environmental changes, as well as in the process of adaptation to biotic and abiotic stresses. During abiotic stresses plants regulate expression of thousands of genes at both transcriptional and post-transcriptional levels. Sunkar et al. (2007) 18 discovered miRNAs that are upregulated or downregulated by abiotic stresses, being therefore probably involved in the stress-responsive gene expression regulation and stress adaptation. The miR398 family, for instance, is involved in the response to oxidative stress, by finely regulating the expression of two closely related Cu/Zn-Superoxide Dismutase (SOD) genes, the cytosolic one (CSD1) and the chloroplast-localized (CSD2). 19, 20 Furthermore, further studies showed that miRNAs are also involved in the Arabidopsis adaptive response to sulfate, 20 physiological and molecular changes to maintain the S homeostasis in their tissues. In Arabidopsis these processes involve also the miR395 which seems to play a role in coordinating changes in sulfate translocation and assimilation, by targeting both the ATP-sulfurylase (APS) and a low-affinity sulfate transporter (SULTR2;1). 20, 21 Phosphorus is a major constituent of several important cell components and the soil unavailability of this nutrient induces adaptive responses including changes in expression profiles of numerous genes. Phosphate starvation strongly induces the expression of the genes encoding miRNAs of the miR399 family, which are, then, rapidly turned off immediately after the phosphate addition. 22 Functional studies indicated that miR399 affects phosphate translocation, and regulates a phosphate transporter, by repressing the UBC24 (ubiquitin E2 conjugase24), which is in turn involved in protein transporters degradations. 25 As far as nitrate is concerned microarray analyses showed that target transcripts of miRNAs are regulated by nitrate and/or sucrose treatments in Arabidopsis roots, 28 suggesting that posttranscriptional gene expression control by miRNAs can be a general mechanism integrating nutritional signals into developmental changes. More recently, miR393 and miR167 and their respective targets, AFB3 and ARF8 (positive regulators of auxin signaling), were shown to be part of a N-responsive regulatory network that control primary root architecture and lateral root initiation in Arabidopsis . 26, 29 The key role of miRNAs in Arabidopsis development and nitrate response has been then confirmed also by Pant et al. (2009) . 30 
miRNAs Tissue Localization
In light of the importance of miRNAs on the molecular regulation of cellular processes, reliable protocols have been developed aimed at measuring the relative amount of their transcripts and their tissue localization, in response to developmental or environmental cues. The different nature of miRNA structure has implications on technical aspects of protocols for miRNAs quantification or localization. In fact, miRNAs are short, have an heterogeneous GC content, share their sequence with their targets mRNAs and their immediate precursors (pre-miRNAs) and they can differ for a single base with respect to other miRNA family members. 31 These features require fine tuning strategies compared with those used for mRNA.
A recent method was developed for miRNA in situ detection based on labeled extension on ultramer templates, 32 but LNA (locked nucleic acid) 33 oligonucleotides are still the most widely and successfully used method for both qPCR 34 and in Situ hybridization (ISH). 35 LNA is a modified oligonucleotide made of pentafuranose monomers with an additional 2'-C, 4'-C-oxymethylene linker. A critical issue concerning LNA based applications for miRNA profiling is the influence exerted by the number and position of LNA residues on the specificity of recognition. To deepen this phenomenon a study aimed at improving discrimination has been performed by You and co-authors. 36 Recently, a promising new type of modified oligonucleotides consisting of a short chain of oligospermine conjugates blocks attached on the 5'-end has been introduced and termed ZNA (zip nucleic acids). 37 Conjugated oligospermine are positively charged, conferring to ZNA oligonucleotides the ability to attract DNA species, that are negatively charged, thus decreasing the repulsion between the probe and the target strands, both of polyanionic nature. 37 Recently, the ZNA-modified oligonucleotides have been tested for their potential use in in situ hybridization applications, for miRNA localization in maize roots. 38 Results obtained show that ZNA oligonucleotides may represent an alternative tool to LNA for the in situ detection of miRNA expression in plant, and probably also in human or animal tissues.
All the three methods mentioned use probes labeled with digoxigenin (DIG) that is subsequently antibody detected. The quality of signal obtained is depending on several factors including the quantity of incorporated DIG in the probe. For standard ISH, DIG-labeled nucleotides are incorporated on average every 13 nt, which are recognized by anti-DIG antibodies conjugated to alkaline phosphatase, enhancing signals. For LNA probes it is possible to label 3'-end or 5'-end with one DIG molecule. In addition it is also possible to label both 3' and 5'-end, that is equivalent to 1 DIG every~11 nt. For ZNA probes, at the moment only one DIG modification can be added to the 5' end of the probe, resulting in just one DIG molecule hybridizing to each target miRNA per probe (1 DIG every~22 nt), which may results in lowering the sensitivity of probe detection. Nevertheless, in our study a detectable hybridization signal, comparable to that measured with LNA probes, was obtained for all miRNA analyzed (Fig. 1) .
By setting up an optimized protocol, we showed that ZNA probes can be used as cost effective tools for detecting abundant and medium abundant microRNAs in Zea mays paraffin embedded root sections. This protocol, being based on the use of oligonucleotides does not require probe synthesis and may thus be used at high-throughput for systematic studies aimed at miRNA profiling in plants.
Maize Nitrate-Responsive miRNAs
Nitrate availability seriously affects crops productivity and environment. The understanding of the miRNA-mediated molecular control of plant response to nitrate is essential to improve nitrogen use efficiency of crops and will provide new knowledge relevant for genetic modification of plant stress tolerance. 39, 40 In a our recent paper, 38 a Zea mays miRNAs-microarray platform was used to identify six mature miRNAs putatively involved in the maize root response to nitrate. Concurrently, a parallel study 41 reported a list of nitrate regulated miRNAs, partially overlapping with those identified in our research. qPCR and ISH results then pointed out that the response to nitrate starvation may be at least partially regulated post-transcriptionally through the downregulation of specific miRNAs. In particular, the repression of the transcription of miR528a/b, miR528a*/b*, miR169i/j/k, miR169i*/j*/k*, miR166j/k/n and miR408/b upon nitrate shortage could represent a crucial step integrating nitrate signals into developmental changes in maize roots. Indeed, most of the investigated miRNAs appear to accumulate in a highly specific manner in the root tip and LRP, which represent tissues actively dividing and differentiating and strongly decrease the amount detected in tissues where the developmental process has been completed, suggesting that these miRNAs may be crucial for tissue-fate establishment and differentiation.
Moreover ISH revealed that the presence of nitrate has a considerable influence on both the amount and the localization of the miRNAs investigated (Fig. 2) . Our data suggest a predominant localization of miR169i/j/k at the vasculature level, as also evidenced by Li et al. 42 in Arabidopsis and support the already hypothesized role of miR169 family members as novel candidates for long-distance signaling of the N status in the plant system. 30, 42 An analog function could be hypothesized for miR166j/k/n which evidenced a similar distribution among tissues, even if it displayed a different regulation of expression in response to the nitrate supply. The importance of these two families of miRNAs for vascular tissue differentiation in response to nitrogen was also supported by the results obtained from both the miRNA's target prediction and the analysis of cis-elements in their promoter.
MiR408/b and miR528a/b besides localizing in the vasculature of N-supplied roots, were preferentially expressed in root tips, in epidermal cells of primary root and in LRP and were similarly regulated in response to nitrate provision. Basing also on their localization we have hypothesized that both of them could take part in the adjustment of root architecture in response to nitrate. Moreover, the results of the prediction of their putative targets led us to hypothesize that this transduction pathway could be mediated by the ROS signaling. A link between nutrient deprivation sensing and ROS accumulation has been already demonstrated by Schachtman and Shin. 43 This preliminary study revealed the potential role of nitrate-responsive miRNAs in the metabolic, physiological and morphological adjustments achieved by maize seedling to adapt to the nitrate starvation.
Conclusions
The nitrogen deficiency represents a serious threat to agriculture and the scientific community should give high priority to breeding programs for nutrient stress tolerance. The molecular control of nutrient stress tolerance engages the regulation of specific genes involved in the whole sequence of biological processes underlying the stress response. 44 Together with the knowledge of stress-responsive genes, a better understanding of the role of miRNAs during nitrate response will contribute to delineate the strategies aimed at improving nitrogen use efficiency in crop plants. Since single miRNAs could regulate at the same time the expression of more than one gene implicated in the physiological adaptation to the low nitrogen input, they represent excellent candidate targets for the improvement of the tolerance to nutritional deficiencies.
